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1. 

INSTANTANEOUS MULTISENSOR 
ANGULAR BAS AUTOREGISTRATION 

FIELD OF THE INVENTION 

This invention relates to methods for angular registration 
of sensor Systems, such as radar systems, to the environment 
in a manner that can be substantially concurrent with the 
taking of measurements. 

BACKGROUND OF THE INVENTION 

Engagement coordination for advanced missile defense 
systems is Subject to sensor registration errors occurring 
during handover between each system. Thus, the sensors 
require registration in order to reduce Such registration 
errors during handover. In addition, each sensing system or 
element will need to angularly register its sensors to local 
geodetic coordinate systems in order to minimize the track 
ing and guidance errors and to provide additional margin to 
the associated weapon system's pointing and divert error 
budgets. “Divert” is the amount of position error a weapon 
can “take out' or accommodate during the terminal guidance 
phase. 

FIG. 1 is a simplified perspective or isometric view of a 
ship 10 with an array 12 of radar faces 14a. 14b, illustrating 
the pointing and divert errors due to radar face bias regis 
tration error. In FIG. 1, the true position of a target to be 
defended against is illustrated as 16t, and the true position of 
a missile for engaging the target is illustrated as 18t. The 
actual line-of-sight between the radar face 14b and the target 
and missile are designated as 17t and 19t, respectively. In 
addition to the yaw, pitch and roll motion of the ship, which 
may introduce errors into the target and missile tracking 
systems, radar face angular registration errors, illustrated by 
an incremental angle 60, result in apparent target and missile 
lines-of-sight designated 21a and 23a, respectively. Thus, 
the relative directions in which the target and the missile are 
sensed relative to the ship 10 differ from the actual direc 
tions. 

The incremental error angle 80 not only results in a 
different apparent direction of the target and missile, but also 
results in a different apparent heading. This may be under 
stood by considering missile 18t of FIG. 1, which may be 
considered as heading along the actual line-of-sight path 19t. 
Since the registration error 60 makes the apparent line-of 
sight diverge from the actual line-of-sight, it also makes the 
missile heading appear to differ from the actual heading by 
Ö0, so that the apparent heading of the missile does not 
coincide with the actual heading, as suggested by missile 
symbol 18ah. For the same reasons, the apparent heading of 
the target is illustrated as 16ah, and differs from the actual 
target heading. 

In addition to the errors in apparent heading of the target 
and the missile in FIG. 1, the face angular registration errors 
60 also tend to cause an apparent translation error in the 
positions of the target and the missile. In FIG. 1, the apparent 
target location is shown as 16al, lying along apparent 
line-of-sight 21a, and the apparent missile location is shown 
as 18al, lying along apparent line-of-sight 23a. Thus, both 
the apparent lines-of-sight and the apparent headings of the 
target and the missile differ from the actual values due to 
misregistration of the radar system faces. 

Current technology in system bias registration relies on 
pre-engagement (non-real-time) algorithms that require 
Supplemental data Such as satellite ephemeris to provide a 
reference for the registration bias estimation. ARCHER is 
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2 
such an algorithm. ARCHER was developed by Nichols 
Research, part of Computer Science Corporation (CSC), the 
address of which is 333 W. El Camino Real, Sunnyvale, 
Calif. These registration algorithms provide sensor bias 
registration during non-tactical engagement periods, some 
times hours or days prior to the tactical engagement. Such 
time differences may reduce the quality or effectiveness of 
the registration due to latency and also due to the fact that 
the biases are time varying, sometimes on the order of 
minutes, depending on the time of day and the environment. 

Improved and or alternative target tracking and sensor 
registration systems are desired. 

SUMMARY OF THE INVENTION 

A method for real-time target tracking and sensor angular 
alignment estimation and amelioration, for targets having 
known acceleration, comprises the step of measuring with at 
least one sensor at least one of (a) line-of-sight and (b) 
position of the target, to produce target track State measure 
ment information for each sensor, where the target track 
state information includes unwanted angular bias errors 
attributable to each sensor. The method also includes the 
step of filtering the target track state measurement informa 
tion with a filter to produce updated target track State 
information with reduced angular bias errors, and using the 
updated target track state information as indicative of the 
target. In a particular mode of the method, the step of 
filtering includes the step of generating estimates of the 
angular bias errors, and applying the estimated angular bias 
errors to another or Subsequent target tracking event. 

In a particular mode of the method, the step of filtering 
includes the steps of when measurements are received, 
correcting the measurements for known alignment bias and 
for previously determined estimated sensor alignment 
biases, to thereby produce corrected measurements, and at 
least when corrected measurements are received, producing 
estimated target state derivative vectors by updating the 
filter time reference to the measurement time to produce 
propagated State derivative vectors. In this mode, the Jaco 
bian of the state dynamics equation providing for observ 
ability into the sensor alignment bias through at least gravi 
tational and coriolis forces is determined. From the Jacobian 
of the state dynamics equation, the target state transition 
matrix and the target error covariance matrix are propagated. 
If, following the target state transition matrix and target error 
covariance matrix propagation, a measurement is not avail 
able, the steps of producing estimated target state derivative 
vectors, determining the Jacobean, and propagating the 
target state transition and target error covariance matrices 
are repeated; and if a measurement is available, the Kalman 
gain matrix is calculated using a measurement matrix and 
the error covariance matrix. The state vector is updated to 
produce an updated State vector and estimated sensor align 
ment biases. The covariance measurement is updated to 
produce an updated covariance measurement. The State 
vector and covariance measurements are transformed to an 
estimated Stable space frame to produce the updated target 
track State information with reduced angular bias errors. 

In the particular mode of the method, the step of propa 
gating the state derivative vectors may be performed by 
numerical integration of the state derivative vector from a 
prior time. The step of determining the Jacobian of the state 
dynamics equation may include the step of determining the 
Jacobian of the state dynamics equation according to 
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03x3 iss3 03x3 (10) 

di ds : 8X 6X 6X 
=C= 8X, a x 8000 X ax 000 
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Re=Te Re 
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and the . notation denotes a skew symmetric matrix of the 
vector argument. 

Further in the mode of the method, the step of approxi 
mating the state transition matrix used for the time propa 
gation of the error covariance may include use of the 
approximation 

da-i-JAt+0.5 FAt (12) 

and may also includes time propagating the error cova 
riance matrix P with the equation 

P(t)=d P(t)d'+Q, (14) 

where Q is the state noise matrix. 
Additionally, the mode of the method may include the 

step of time propagating the error covariance matrix 
includes the step of determining the state noise matrix Q 
using the equation 

Af 16 dWodd (16) 

where: 
W=E(w(t)w(t)'); and 
w(t) is the 9x1 state noise vector of white noise. 
In the mode of the method of the invention the step of 

calculating the Kalman gain matrix using the measurement 
matrix and the error covariance matrix may comprise the 
step of calculating the Kalman gain matrix as 
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4 
where: 

H-II 00s is the measurement matrix; and 
R is the measurement noise covariance matrix associated 

with the currently reporting sensor defined in the stable 
space frame 

R=T-f(t)T(0)-X: T(0) T(t) (20) 

with: 
X denoting the measurement noise matrix as represented 

in the sensor frame. 
The mode of the method may also include the step of 

transforming the state vector and covariance measurements 
to an estimated Stable space frame including the steps of 

r ME P T ME P 

Pxx = P + X). T(t). Pag. T(t):LX) + T. P. T. (ii) 

|X." F(X, f(t). P., TE 
r r T r r 

P = P + (X, f(t). P. f. t.)|X) + ft. P. f. t.). XX 

|X, + (X, f(t). P. If 

where 

P. P. P XX Xe 
T 

P(t) = P. P. P. 
T T 

P. P. P. 

BRIEF DESCRIPTION OF THE DRAWING 

FIG. 1 is a simplified perspective or isometric view of a 
ship with an array of radar faces, illustrating pointing and 
divert errors attributable to radar face bias registration error; 

FIG. 2 heuristically illustrates Newton’s “falling apple' 
principle as applied to a slight incline making an angle 60 
with the horizontal component of the true reference frame; 

FIG. 3 illustrates the information of FIG. 2 in a somewhat 
more formal manner and as applied to a tracking system; 

FIG. 4 is a representation of a 3-dimensional coordinate 
system with various definitions; 

FIG. 5 illustrates coordinate lines illustrating relationships 
or transformations among various reference frames; and 

FIG. 6 is a functional block diagram illustrating the 
operation of an Instantaneous Sensor Alignment Auto-Cali 
bration (ISAAC) according to an aspect of the invention. 

DESCRIPTION OF THE INVENTION 

According to an aspect of the invention, an “Instanta 
neous Sensor Alignment Auto-Calibration’ (ISAAC) ballis 
tic target track state estimator incorporates an extended 
Kalman filter algorithm. The extended Kalman filter algo 
rithm includes an embedded real-time sensor registration 
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bias algorithm that requires no ephemeris and provides an 
instantaneous or real-time estimate of the sensor registration 
angular bias. The ISAAC system may be used by itself, or 
preferably in conjunction with the non-real-time algorithms 
(ARCHER, for example). ISAAC will supplement these 
algorithms by providing real-time updates to the bias reg 
istration error that may have incurred due to latency, while 
at the same time providing an enhanced ballistic track State 
estimate, unencumbered by registration angular bias errors. 
ISAAC achieves angular sensor bias registration relative to 
the local geodetic coordinate system using a relatively 
simple concept based on the “falling apple' principle, dis 
covered by Sir Isaac Newton (and thus the serendipitous 
acronym ISAAC). 

FIG. 2 illustrates an aspect of Newton’s “falling apple' 
principle. In FIG. 2, Sir Isaac Newton 205, not knowing that 
he is standing on a slight incline 210 making an angle 60 
with the horizontal component 211 of the true reference 
frame, has just witnessed an apple 212 falling to the 
“ground' (the inclined plane 210). As the apple 212 is 
falling, Isaac plots the course 214 of the apple based on the 
gravitational theories that he has just discovered and pub 
lished in Principia. To his chagrin, the apple 212 fails to fall 
straight down along a path 214 as his theory predicts, rather 
it falls with a different trajectory 216 and settles on the 
ground 210. Upon observing the apple fall with a “tilted 
trajectory 216, Isaac Surmises it was caused by either 1) his 
gravitational theory being wrong, or 2) his definition of 
“Up' is wrong. Being certain of his gravitational theory, he 
asserts that his definition of Up is in error, concludes that he 
is standing on an incline and correctly estimates the incline 
of the hill. Thus the apple 212 fell correctly in the tilted 
reference frame, with an apparent sideways acceleration or 
deviation 218 caused by that component of gravity perpen 
dicular to the Up axis of the tilted frame. 
A slightly more rigorous or mathematical explanation of 

a missile tracking situation is described in FIG. 3 in con 
junction with the three-dimensional geometry 410 illustrated 
in FIG. 4. In FIG. 4, the Earth’s center is designated 412. 
The sensor System to be angularly registered is shown as 
being a ship-borne radar system 414 located at a radius R 
from Earth center 412. The current position of an ascending 
ballistic target is illustrated as 416. In this context, the term 
“ballistic' means that no aerodynamic or thrust forces act on 
the vehicle, or put another way, that only the targets 
momentum and the force of gravity determine the targets 
trajectory. The radius from Earth’s center 412 to the current 
position of the target is designated Z. A line-of-sight from 
sensor 414 to the target 416 is designated X. Also illustrated 
in FIG. 4 is an Earth-rate (rotation) vector (). The true 
trajectory of ballistic target 416 is represented as a dash line 
418, and the projected or biased trajectory attributable to the 
misaligned observer reference frame of FIG. 3 is illustrated 
in FIG. 4 as a dotted line 420. 

In FIGS. 3 and 4, the misaligned sensor reference frame 
induces an error in the ballistic target propagation 420 due 
to the gravity vector being incorrectly represented in the 
sensor measurement frame. Over time, this error manifests 
itself as a position error. The ISAAC filter according to an 
aspect of the invention incorporates a dynamics propagation 
algorithm that estimates the bias perpendicular to the local 
gravity vector, and also the bias perpendicular to the coriolis 
acceleration vector, providing complete observability of the 
total registration bias errors. 

FIG. 5 is a coordinate frame diagram aiding in under 
standing the invention, and also lists and defines various 
terms used in the explanation. FIG. 5 illustrates two coor 
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6 
dinate frame diagrams 510 and 512. Starting from the top 
(Truth) line 510 of FIG. 5, and reading the transformations 
from left to right, the E frame or node represents the stable 
space frame, which may be Earth-Centered Earth-fixed 
(ECEF), East-North-Up (ENU), or Earth Centered Inertial 
(ECI). The sensor location vector R and the earth's angular 
Velocity vector co, are known exactly in this frame, where 
the underscore throughout this document denotes a vector 
quantity. The P frame or node on line 510 represents the 
platform frame (e.g. ship's deck frame) that may be moving 
relative to the E frame, as for example due to wave motion. 
The matrix T(t) represents the coordinate transformation 
from E to P, where (t) denotes a time dependency. The matrix 
T(0) represents the coordinate transformation from P to 
the S sensor frame, where 0 denotes the actual (unknown) 
rotation angles between P and S. The Snode or sensor frame 
represents the measurement sensor coordinate system. Mea 
Surement vector Xs" is known exactly in the Ssensor frame. 
The bottom line 512 of FIG. 5 represents the nominal 

(biased) coordinate reference system lineage; here lineage 
refers to the sequence of transformations going from the 
sensor frame to the stable space frame for both the upper and 
lower lines. The E frame (the tilde () refers to the biased 
frame throughout this document) represents the biased stable 
space E frame (e.g. biased ECEF, ENU, or ECI) that a 
system filter would mistakenly work within if it were to 
transform the measurement vector X" from the S sensor 
frame to the expected stable frame E using the nominal 
coordinate transformation matrices 

where the matrices refer to the transformation from P to S 
thru the angle 0 and the transformation from E to S, 
respectively, where P denotes the nominal (biased) platform 
frame, and S denotes the nominal (biased)sensor frame, and 
E denotes the nominal (biased) stable space frame. Note that 
the biased platform transformation matrix can be repre 
sented as a bias in the E frame using the similarity trans 
formation T = T(t)T(80)T(t). 

Bias between the E and P frames may be taken into 
consideration if the bias is significant. In Such a case, the 
ISAAC state vector, s, may be augmented to include that 
bias, using a modeling technique similar to that used for 0. 
For simplicity of description and without loss of generality, 
the transformation from the E frame to the P frame is taken 
as un-biased and only time-dependent. 

In order to develop the ISAAC filter equations, it is 
assumed that the target is either ballistic (falling under the 
force of gravity) or else the specific force (i.e. thrust accel 
eration) is known exactly and can be compensated for. 
Additionally, due to the high altitudes at which target 
tracking occurs, it is assumed that atmospheric drag effects 
are negligible or can be properly compensated for. 

Given these assumptions, the following equations 
describe the model used for the ISAAC target kinematics: 

-it-Z (2) 
X = i + At - Cox (cot X ZE)-2(of XXE IZE 
Z = R + X 

where: 
Xe is the target acceleration vector, represented in the 

stable space frame; 
L is the Earth gravitational constant; 
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Z is target position vector from the center of the earth, 
represented in the stable space frame; 
A is a known specific force which includes (but is not 

limited to) effects such as higher order gravitational effects: 
(), is earth angular velocity vector, represented in the 

stable space frame; 
X is target velocity vector, represented in the stable space 

frame; and 
R is the location of the reporting sensor in the stable 

space frame. 
Without loss of generality, the remainder of this discussion 
omits the A term for conciseness and includes only the 
dominant gravity term due to L. It is further assumed that the 
location of the reporting sensor R is known exactly. 
The ISAAC state vectors is given by 

(4) X E 

X S E 

where: 
Xi is target position vector referenced to the biased stable 

space frame E: 
X is target velocity vector referenced to the biased stable 

space frame E; and 
80 is (are) registration bias state vector(s) for all reporting 

sensors, referenced relative to the platform frame P. 
The ISAAC dynamics equations (i.e. the nonlinear 

ISAAC state derivative (S) equations) are 

XE (6) X E 
- it Z. 

3 S E - Cox (cut X Z)-2d XX 
c t 

where: Xe is the target acceleration vector referenced to the 
biased stable space frame E: 
These equations are based on the assumed target kinematics 
of Equation (2). Additionally, it is assumed that all sensor 
registration biases are constant. 

FIG. 6 is a simplified functional logic flow chart or 
diagram 610 illustrating the processing for ISAAC accord 
ing to an aspect of the invention. In FIG. 6. The ISAAC 
process begins with an initial position measurement Xs". 
made at time t, from a sensor tracking a ballistic target, 
which measurement is applied by way of a path 612 to a 
measurement auto-calibration alignment bias function or 
block 614. The measurement at time T is corrected in block 
614 for known alignment biases in the measurement auto 
calibration alignment bias function. This function applies to 
the measurements the nominal alignment correction as 
known in the prior art, together with the sensor alignment 
bias estimate from the previous ISAAC bias estimation 
event oriteration. It will be clear that once the sensor angular 
alignment bias estimate is available, it can be combined with 
the known alignment biases and compensated for as in the 
prior art. The logic of FIG. 6 flows from function or block 
614 to a Measurement Update or Next Update Cycle func 
tion 616, which determines whether the state and covariance 
estimates for the current time iteration are to include a 
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8 
measurement update. The ISAAC processing operates at a 
predetermined nominal cycle rate, with measurement 
updates occurring asynchronously as they become available. 
From block or function 616, the logic 610 flows to a block 
618, representing the state propagation function. State 
Propagation function 618 propagates the ISAAC state vector 
s, preferably using a high order numerical integration algo 
rithm. 
Time propagation of the ISAAC state vectors in function 

618 of FIG. 6 is performed by numerically integrating the 
state derivative vector from the previous time t, to the 
current time t, where the subscript i refers to the filter cycle 
iteration: 

In this description, a notation is used to denote filter 
estimates of the respective variables. A 4" order Runge 
Kutta algorithm might be used for the integration process 
associated with function 618. The incremental time step At 
refers to either the nominal update cycle time or the incre 
mental time step from the last cycle time to the current 
measurement time t (i.e. At t-t-). At the first iteration 
around the loop including blocks 616 through 632 of FIG. 6, 
function 618 also initializes the state and covariance for the 
Subsequent iterations. 
From function or block 618 of FIG. 6, the logic flows to 

Jacobian computation function or block 620. In general, the 
Jacobian Computation function 620 computes the state 
transition matrix for the ISAAC extended Kalman filter 
algorithm. The ISAAC Jacobian matrix computation func 
tion 620 incorporates an innovative formulation of the state 
dynamics that provides the observability into the sensor 
alignment bias through the gravitational and coriolis forces. 
The observability into the 88 state is realized through the 

Jacobian J of the state dynamics equation 

03x3 isx3 03x3 (10) 

d - 8X 6X 6X 
=G= 0 X ax 000 || 0 X ax 000 

03x3 03x3 03x3 

where: 

Ö X. il 3 r a T 
- : - 3 - Z - Z-cool ax, I' 2.2% A. EJJ LLE 

2 = -2 (0.) = -4. Lee 
8X il 3 r a a T | r - a -- 
- : - Iss3 - ZZR) T(t) - 
360 (2, Z) (Z.Z.) E 

2-IX, (0,1) 
fict)+c(o) IX [al]+(Loll R. Loll+ 

Loel Xe Loel + L(Gill. R. Loell 

(0,1)-(0,1)-((R)-f(t) 
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The . notation denotes a skew symmetric matrix of the 
vector argument. 
The Covariance Propagation function 622 of FIG. 6 

performs the traditional Kalman filter time propagation of 
the state covariance matrix utilizing the State transition 
matrix. This covariance propagation function nominally 
operates faster than the measurement updates to reduce 
non-linear effects when measurement updates occur at slow 
update rates; this is a traditional method used in the art to 
reduce the effects of non-linearities in the measurement on 
the covariance propagation. The State transition matrix used 
for the time propagation of the ISAAC error covariance in 
block 622 can be approximated as 

da-i-JAt+0.5 FAt (12) 

Time propagation of the ISAAC error covariance matrix P is 
performed with the equation 

P(t)=d P(t)d'+Q, (14) 

where Q is the ISAAC state noise matrix. The state noise 
matrix may be determined using the equation 

Af 16 
Q = dWobdt (16) 

O 

where: 
W=E(w(t)w(t)'); and 
w(t) is the 9x1 state noise vector of white noise. 
The logic flows from covariance propagation function 622 

of FIG. 6 to a decision block 624, which determines if a 
measurement is currently available. If a measurement is not 
available, then the logic leaves decision block 624 by the 
NO output, time is incremented by the nominal At propa 
gation time rate, and control is passed by way of a logic path 
626 to the function 616 representing the start of the iteration 
loop. If a measurement is available, the logic leaves decision 
block by the YES output, and flows to a Gain Computation 
function 628. 

Gain Computation function 628 of FIG. 6 constructs the 
standard Kalman filter gain matrix. The Kalman gain matrix 
is calculated using the measurement matrix and the ISAAC 
error covariance matrix 

K=P(t)-H.(HP(t)-H+R) (18) 

where: 
H-Is Osa Oss is the measurement matrix; and 
R is the measurement noise covariance matrix associated 

with the currently reporting sensor defined in the stable 
space frame 

R=T(t)T,0)-X-T(0) T(t) (20) 

with: 
X denoting the measurement noise matrix as represented 

in the sensor frame. 
From function or block 628, the logic of FIG. 6 flows to 

a State Measurement Update function 630. State Measure 
ment Update function 630 computes the measurement and 
state residuals and updates the ISAAC state vector including 
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10 
the sensor registration bias estimate. More particularly, the 
sensor registration bias estimating function of block 630 
updates the ISAAC state vector using 

SS-KAn (22) 

where the measurement residual Am is defined as 

Am=T(t): T.(6).X."(t)-His (24) 

6–6+86 (26) 

and where the target position and velocity are estimated in 
the bias frame E of the estimated state vector S, and the 
sensor biases 80, are made available external to the process 
ing 610 of FIG. 6. 

Finally, the Covariance Measurement Update function 
632 of FIG. 6 performs the measurement update of the state 
covariance matrix. The ISAAC state covariance matrix 
measurement update is 

The logic increments time t t+At and loops back from 
block 632 to the beginning of the iteration loop by way of 
a logic path 636, 626. The updated state and covariance 
matrices are made available to a Transform State and 
Covariance function 634 and are also output from ISAAC 
processing block 610. 
The state vector (target position and Velocity) and cova 

riance, represented in the biased stable space frame, are 
output from the ISAAC algorithm 610. In addition, the 
Transform State and Covariance function represented by 
block 634 transforms the state vector and covariance esti 
mates to the stable space frame (measured or unbiased 
frame) E by equations 30, 32, 34, and 36 

X = TE: Xe 

X = Ti, Xe 
P P 

Pxx = P + X), f(t). Pog f(t)|X) + T. P. f(t) 
|X) + (X, f(t). P., Tf 

r r T r 

P = P + (X, f(t). P. f. t.)|X) + ft. P. i.it) 

where 

Pxx P. Pro 
T 

P(t) = P. P. P. 
P. P. P. 

and State vector and covariance to the estimated stable space 
frame are output from the ISAAC algorithm 610. At the end 
of each tracking event, the sensor bias estimate 0 is updated 
using 

6–6+86 (38) 

and is applied by way of a path illustrated as including a 
switch 640 for use in block 614 as the starting sensor bias for 
the next tracking event. 
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A method for real-time target tracking and sensor angular 
alignment estimation and amelioration, for targets having 
known acceleration, comprises the step of measuring (612) 
with at least one sensor at least one of (a) line-of-sight and 
(b) position of the target, to produce target track state 
measurement information for each sensor, where the target 
track state information includes unwanted angular bias 
errors attributable to each sensor. The method also includes 
the step of filtering the target track State measurement 
information with a filter (616, 618, 620, 622,624, 628, 630, 
632, 634) to produce updated target track state information 
with reduced angular bias errors, and using the updated 
target track state information as indicative of the target. In a 
particular mode of the method, the step of filtering includes 
the step of generating estimates (616, 618, 620, 622, 624, 
628, 630, 632, 634) of the angular bias errors, and applying 
(614, 640) the estimated angular bias errors to another or 
Subsequent target tracking event. 

In a particular mode of the method, the step of filtering 
includes the steps of, when measurements are received, 
correcting the measurements (614) for known alignment 
bias and for previously determined estimated sensor align 
ment biases, to thereby produce corrected measurements, 
and at least when corrected measurements are received, 
producing (616) estimated target state derivative vectors by 
updating the filter time reference to the measurement time to 
produce (618) propagated state derivative vectors. In this 
mode, the Jacobian of the state dynamics equation providing 
for observability into the sensor alignment bias through at 
least gravitational and coriolis forces is determined (620). 
From the Jacobian of the state dynamics equation, the target 
state transition matrix and the target error covariance matrix 
are propagated (622). If, following the target state transition 
matrix and target error covariance matrix propagation, a 
measurement is not available, the steps of producing esti 
mated target state derivative vectors (618), determining the 
Jacobean (620), and propagating the target state transition 
and target error covariance matrices (622) are repeated; and 
if a measurement is available (624), the Kalman gain matrix 
is calculated (628) using a measurement matrix and the error 
covariance matrix. The state vector is updated (630) to 
produce an updated State vector and estimated sensor align 
ment biases. The covariance measurement is updated (632) 
to produce an updated covariance measurement. The 
updated State vector and covariance measurements are trans 
formed (634) to an estimated stable space frame to produce 
the updated target track State information with reduced 
angular bias errors. 

In the particular mode of the method, the step of propa 
gating (618) the state derivative vectors may be performed 
by numerical integration of the state derivative vector from 
a prior time. The step of determining the Jacobian (620) of 
the state dynamics equation may include the step of deter 
mining the Jacobian of the state dynamics equation accord 
ing to 

03x3 iss3 03x3 (10) 

as as as as Xe Xe XE 
lds 10 X ax 000 || 0 X ax 000 

03x3 03x3 03x3 

where: 

Ö X. il 3 r r r 
= - six3 - ZZ-Loll (Loll 

6X (Z.Z.) (Z - Z.) 
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-continued 

2 E-2 or. -R -2. - C 
8X. E 

6X il 3 r a T r -- 
- : - Iss3 - ZZR) T(t) - 

38 (Z. 2, (Zei Z.) E 

2-IX, (0,1) 
fict)+c(o) LX (10) + (Loll R. Loll+ 

Ioel XLIGell+L(Gel) R. Cloell 
r AE 

|Loll (Loll-R. Ti(t) 

and 

Re=Te Re 

ot-Te'oe 

and the . notation denotes a skew symmetric matrix of the 
vector argument. 
What is claimed is: 
1. A method for real-time target tracking and sensor 

angular alignment estimation and amelioration for targets 
having known acceleration, said method comprising the 
steps of: 

measuring with at least one sensor at least one of (a) 
line-of-sight or (b) position of the target, to produce 
target track State measurement information for each 
sensor, which target track state information includes 
unwanted angular bias errors attributable to each sen 
Sor, 

filtering said target track state measurement information 
with a filter to produce updated target track state 
information with reduced angular bias errors by cor 
recting the target track State measurements for known 
alignment bias and for previously determined estimated 
sensor alignment biases, to thereby produce corrected 
measurements; 
at least when corrected measurements are received, 

producing estimated target state derivative vectors 
by updating the filter time reference to the measure 
ment time to produce propagated State derivative 
Vectors; 

determining the Jacobian of the state dynamics equa 
tion providing for observability into the sensor align 
ment bias through at least gravitational and coriolis 
forces; 

from said Jacobian of the state dynamics equation, 
propagating the target state transition matrix and the 
target error covariance matrix: 

if a measurement is not available, repeating said steps 
of producing estimated target state derivative vec 
tors, determining the Jacobean, and propagating the 
target state transition and target error covariance 
matrices; 

if a measurement is available, calculating the Kalman 
gain matrix using a measurement matrix and the 
error covariance matrix: 

updating the state vector to produce an updated State 
vector and estimated sensor alignment biases; 
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updating said covariance measurement to produce an 
updated covariance measurement; and 

transforming said state vector and covariance measure 
ments to an estimated Stable space frame to produce 
said updated target track State information with 
reduced angular bias errors; and 

utilizing said updated target track state information as 
indicative of the target. 

2. A method according to claim 1, wherein said step of 
filtering includes the step of generating estimates of said 
angular bias errors, and applying said estimated angular bias 
errors to another target tracking event. 

3. A method according to claim 2, wherein said step of 
applying includes the step of applying said estimated angu 
lar bias errors to a Subsequent target tracking event. 

4. A method according to claim 1, wherein said step of 
propagating said state derivative vectors is performed by 
numerical integration of said state derivative vector from a 
prior time. 

5. A method according to claim 1, wherein said step of 
determining the Jacobian of the state dynamics equation 
includes the step of determining the Jacobian of the state 
dynamics equation according to 

03x3 sy3 03x3 (10) 

di ds : 8X 6X 6X 
=G= 0Xia X 000 || 0 XE ax 000 

03x3 03x3 03x3 

where: 

0X, il 3 M. MT r r 

ax, I 2.2% 2. oil of 
3X. 

E = -2 (10)] 
6X 

0X, 3 a la r AE i = -- 1.3 - 2, 2-((R)-f(t)- (Z.Z.) (Z - Z.) 

2-k, -(e) 
AE r r 

f(t)+(0, ) LX (Loll+(Loll-Rel, Llotl) + 
LIGill: Xi (Loll+L(Gill. R. Loll 

(0,1)-(0,1)-((R)-f(t) 

and 

Re=Te Re 

(i):-Te'oe 

and ... the notation denotes a skew symmetric matrix of the 
vector argument. 

6. A method according to claim 4, wherein said step of 
approximating the state transition matrix used for the time 
propagation of the error covariance includes the approxima 
tion 

da-i-JAt+0.5 FAt (12) 
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and also includes time propagating the error covariance 

matrix P with the equation 

where Q is the state noise matrix. 
7. A method according to claim 6, wherein said step of 

time propagating the error covariance matrix includes the 
step of determining the state noise matrix Q 

"awa'at (16) 

where: 
W=E(w(t)w(t)'); and 
w(t) is the 9x1 state noise vector of white noise. 
8. A method according to claim 1, wherein said step of 

calculating the Kalman gain matrix using the measurement 
matrix and the error covariance matrix comprises the steps 
of calculating the Kalman gain matrix as 

where: 
H-IIs Osa Oss is the measurement matrix; and 
R is the measurement noise covariance matrix associated 

with the currently reporting sensor defined in the stable 
space frame 
R=T(t).T. (6):X-T (6) T(t) (20) 

with: 
X denoting the measurement noise matrix as represented 

in the sensor frame. 
9. A method according to claim 1, wherein said step of 

transforming said state vector and covariance measurements 
to an estimated Stable space frame includes the steps of: 

E. 

M ME P 

Pxx = P +LXD: Tr(t). Pag. TE(t): IX + 
ME P M T M ME T E 
TE. Pro TE(t): IXED +IXED-Tp(ti). PTE 

ME P P = P + (X, f(t): Poe. f(t):X, + 
ME P * - I - a E iT E ii. P. f. t.) ||X) + (X, f(t). P. f. 

where 

Pxx P. Pro 
P(t) = P. P. P. 

P. P. P. 


